Laminar shear stress (LSS) due to pulsatile blood flow enhances endothelial function by multiple mechanisms including NO production. Red wine and its constituent, resveratrol, have also been postulated to provide vascular protective effects. The aim of the present study was to compare the effects of mechanical LSS and pharmacological resveratrol treatments on the endothelial citrulline-NO cycle. Human umbilical vein endothelial cells (HUVECs) were treated with LSS (12 dyn·cm −2 ) or resveratrol (25 -100 μM). The expressions of argininosuccinate synthetase 1 (ASS1), argininosuccinate lyase (ASL), nitric oxide synthase 3 (NOS3) and cationic amino acid transporter 1 (CAT1), and the production of NO were determined. The expressions of Kruppel-like factor (KLF) 2 and KLF4 as upstream regulators of ASS1 and NOS3 were also analyzed. LSS strongly increased the mRNA levels of ASS1 (8.3 fold) and NOS3 (5.4 fold) without significant effects on ASL and CAT1 mRNAs. Resveratrol increased the ASS1 mRNA level in a dose-dependent manner up to 3.8 fold at 100 μM. The effects of resveratrol on the expressions of KLF2 and KLF4 mRNAs were smaller than those of LSS. Protein levels of ASS1 and NOS3, and NO production were markedly increased by LSS but resveratrol (50 μM) increased only ASS1 protein level. The results of the current study showed that LSS had greater effects on the citrulline-NO cycle activity leading to NO production, compared to resveratrol. Because resveratrol was not so effective at stimulating the endothelial citrulline-NO cycle, further studies are needed to find more potent drugs that increase the expression of ASS1 and NOS3 genes.
INTRODUCTION
The endothelium, a monolayer of endothelial cells covering the internal surface of blood vessels, cardiac valves, and numerous body cavities, provides a semi-permeable barrier between circulating blood and the rest of the vessel wall [1] . It plays a key role in vascular physiology through production of a variety of substances involved in vasodilatation, blood coagulation, inflammation and immune response [2] . Therefore, the structural and functional integrities of the endothelium are essential for vascular health.
Nitric oxide (NO) produced by nitric oxide synthase 3 (NOS3) in the endothelium plays a key role in vascular physiology. NO regulates vascular tone as "endotheliumderived relaxing factor" [3] and inhibits the atherogenic events such as endothelial cell injury and activation, adhesion and transmigration of monocytes through the inflamed endothelium, and proliferation of underlying smooth muscle cells [4] .
Laminar shear stress (LSS) due to pulsatile blood flow enhances endothelial NO production. LSS activates NOS3 directly through a calcium-dependent calmodulin binding and phosphorylation of NOS3 on multiple sites including Ser 1177 [5] . Recent studies further demonstrated that chronic LSS increases the expression of not only NOS3 but also argininosuccinate synthetase 1 (ASS1) involved in the provision of L-arginine substrate to NOS3 [6] . ASS1 and NOS3 are co-localized at subcellular compartments in endothelial cells, constituting "citrulline-NO cycle" which also includes argininosuccinate lyase (ASL), and cationic amino acid transporter 1 (CA-T1) [7] . It is believed that certain strategies that enhance the endothelial citrulline-NO cycle may be potentially useful to enhance endothelial function.
The so-called French paradox describes the unpredictably low incidence of myocardial infarction in the French despite having a diet rich of calories and fat [8] . Many different hypotheses have been proposed to explain this discrepancy and the most famous one is the theory based on the higher consumption of wine in France than in other comparable countries [9] . The vascular protective effects of red wine could be attributed to the compounds derived from grapes because de-alcoholized red wine showed similar effects [10] . Resveratrol is one of the phenolic compounds contained in red wine, and has been postulated as the active compound that provides vascular protective effects [11, 12] .
Recent studies have established Kruppel-like factor (KLF) 2 and/or KLF4 as directors of the endothelial gene expression program in response to LSS, thus contributing to the establishment of vasodilatory, anti-inflammatory and anti-thrombotic microenvironments [13, 14] . Indeed, KLF2 and KLF4 appear to be the key upstream regulators of NOS3 and ASS1 gene expressions in response to LSS [15] . Of interest, resveratrol has been observed to stimulate KLF2 and/or KLF4 [16, 17] . The aim of the present study was to directly compare the effects of these mechanical (LSS) and pharmacological (resveratrol) stimuli on the citrulline-NO cycle in endothelial cells.
MATERIALS AND METHODS

Cell Culture and Treatments
Human umbilical vein endothelial cells (HUVECs) were obtained from Clonetics Cambrex (Rockland, ME, USA) and were cultured as previously described [15] . For mechanical LSS treatment, HUVECs, cultured to confluency in 100 mm-culture dishes, were exposed to steady LSS at 12 dyn·cm −2 for 24 h in a growth medium. LSS was provided by rotating a Teflon cone (0.5˚ cone angle) mounted onto a culture dish, as previously described [18] . Control cells were kept under static conditions. For pharmacological treatments, resveratrol (Sigma-Aldrich, St. Louis, MO, USA) and mevastatin (Santa Cruz Biotech, Santa Cruz, CA, USA) were each dissolved in dimethylsulfoxide and added to the culture media at the desired concentrations. Control cells were treated with an equivalent volume of vehicle, and the final concentration of vehicle solvent did not exceed 0.1% (v/v). Cell viability was assayed using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) [19] .
Real Time Polymerase Chain Reaction (RT-PCR) Analysis
Total cellular RNA was extracted from the control and treated cells using the RNeasy kit (Qiagen, Valencia, CA, USA). To prepare cDNA, one μg of cellular mRNA was reverse-transcribed using the High Capacity cDNA Archive Kit (Applied Biosystems, Foster city, CA, USA) in accordance with the manufacturer's instructions. The kit utilizes random hexamers primers and MultiScribe™ Reverse Transcriptase. PCR was conducted using the StepOnePlus™ Real-Time PCR System (Applied Biosystems) in a reaction mixture (20 μl) containing SYBR® Green PCR Master Mix (Applied Biosystems), 60 ng cDNA, and 2 picomole of gene-specific primer sets (Macrogen, Seoul, Korea). The reactions were performed with the following conditions: 50˚C for 2 min, 95˚C for 10 min, 40 cycles of 95˚C for 15 s and 60˚C for 1 min, followed by a dissociation protocol. Single peaks in the melting curve analysis supported the homogeneity of the amplicons. The mRNA expression level relative to the internal control glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was calculated by the comparative threshold cycle (C T ) method [20] . 
Western Blot Analysis
Cells were subjected to lysis in a buffer (10 mM Tris-Cl, 150 mM NaCl, 5 mM EDTA, 0.1% sodium dodecyl sulfate, 1% TritonX-100, and 1% deoxycholate, pH 7.2) supplemented with 1 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail (Roche, Mannheim, Germany). Western blotting was performed as previously described [15] . Mouse monoclonal antibody for NOS3 was purchased from BD Transduction Laboratories (San Diego, CA, USA). Rabbit polyclonal antibody for CAT1 was purchased from Abcam (Cambridge, MA, USA). Goat polyclonal antibody for ASS1, mouse monoclonal antibody for ASL and rabbit polyclonal antibody for KLF4 were from Santa Cruz Biotech (Santa Cruz, CA, USA). Rabbit polyclonal antibody for Ser 1177 -phosphorylated NOS 3 were from Cell Signaling (Danvers, MA, USA). Mouse monoclonal -actin antibody was purchased from Sigma-Aldrich. Goat anti-mouse and anti rabbit secondary antibodies conjugated to horseradish peroxidase were purchased from Cell signaling and Santa S. I. Jang, Y. C. Boo / Advances in Biological Chemistry 3 (2013) [18] [19] [20] [21] [22] [23] [24] [25] Copyright © 2013 SciRes.
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Cruz Biotech, respectively. groups were determined using the one-way ANOVA at a significance level of p < 0.05.
NO Production Assay
RESULTS
NO production from endothelial cells was determined by measuring the NO metabolites, nitrite plus nitrate. Cells were treated with LSS (12 dyn·cm
), resveratrol (50 μM) or mevastatin (10 μM) for 24 h in a phenol red-free Dulbecco's modified Eagle's medium (DMEM) (SigmaAldrich) containing 0.5% FBS and 25 mM Hepes (pH 7.4). The conditioned medium was then harvested and analyzed using an amperometric AmiNO700 sensor (Innovative Instruments Inc., Tampa, FL, USA), as previously described [21] . Current changes due to NO generation were monitored and the values were corrected for the background levels of NO metabolites in the medium itself and normalized to the total protein contents of the cells.
The endothelial citrulline-NO cycle consists of ASS1, ASL, NOS3 and CAT1, as shown in Figure 1(A) . ASS1 catalyzes the ATP-dependent condensation reaction of L-citrulline and aspartic acid, producing L-argininosuccinate. ASL catalyzes the hydrolysis of L-argininosuccinate to L-arginine and succinic acid. The L-arginine formed in this reaction is used by NOS3 which generates L-citrulline and NO. CAT1 is involved in transport of L-arginine from the blood into the cells.
In the first experiment, the effects of LSS on the endothelial citrulline-NO cycle were examined. HUVECs were exposed to LSS at 12 dyn·cm −2 for 24 h or kept under static conditions for the same period, and cellular mRNAs were subjected to quantitative real time PCR analysis to determine the gene expression levels of ASS1, ASL, NOS3, and CAT1. The data were normalized by comparing their expression levels with that of GAPDH, a
Statistical Analysis
Data are presented as the means ± SEM for experiments performed in triplicate. Significant differences among the house keeping enzyme. As shown in Figure 1 , LSS increased the mRNA levels of ASS1 (8.3 fold) and NOS3 (5.4 fold), but not those of ASL and CAT1. These results confirm previous observations that LSS increases ASS1 and NOS3 expressions [6, 22] .
In the next experiment, the effects of resveratrol on gene expression of the citrulline-NO cycle members were examined in HUVECs. Cells were treated with resveratrol up to 100 μM (cell viability, 80%) to determine its effects on the gene expressions. As shown in Figure 2 , resveratrol increased the mRNA levels of ASS1 in a dose-dependent manner (3.8 fold at 100 μM) whereas no increases were observed with those of NOS3, ASL and CAT1. The effect of 10 μM mevastatin (cell viability, 72%) on the mRNA levels of ASS1, ASL, NOS3, and CAT1 were also examined for a comparative purpose. As shown in Figure 2 , the stimulatory effects of mevastatin were observed with both ASS1 (2.2-fold increase) and NOS3 (2.9-fold increase). The mRNA levels of ASL and CAT1 were virtually unchanged.
As ASS1 and NOS3 appear to be more responsive than other members of the citrulline-NO cycle to the external stimuli, the effects of LSS, resveratrol and mevastatin on the mRNA levels of KLF2 and KLF4, the upstream regulators of ASS1 and NOS3 expressions, were compared. As shown in Figure 3 , the highest fold changes were observed with the LSS treatment that increased KLF2 and KLF4 expressions by 13.2 and 65.1 folds, respectively. Resveratrol (100 μM) increased KLF2 and KLF4 expressions by 4.1 and 4.2 folds, respectively. Mevastatin (10 μM) increased KLF2 and KLF4 expressions by 5.5 and 19.7 folds, respectively.
Western blot analysis was performed to monitor the protein levels of ASS1, NOS3, ASL, CAT1, KLF4 and -actin affected by LSS (12 dyn·cm −2 ), resveratrol (50 μM) and mevastatin (10 μM) (Figure 4) . LSS increased the protein levels of ASS1 and NOS3 markedly. ASS1 protein levels were also increased moderately by resveratrol and mevastatin. Mevastatin also increased NOS3 protein level. KLF4 protein levels were highly increased by LSS and mevastatin in that order. The phosphorylation of Ser 1177 of NOS3 was increased by resveratrol as well as LSS.
Finally, the effects of LSS, resveratrol and mevastatin on endothelial NO production in the cells were compared ( Figure 5) . LSS treatment led to a robust increase of NO production by 6.9 fold compared to the static control cells. Mevastatin also increased NO production by 2.4 fold but resveratrol did not. Effect of resveratrol on NO production was also examined in combination with LSS. Resveratrol did not enhance NO production stimulated by LSS significantly.
DISCUSSION
NOS3 enzyme uses L-arginine as the sole substrate to produce NO in endothelial cells. Cytosolic concentration of L-arginine in endothelial cells (>800 μM) is much higher than NOS3's Michaelis constant (Km) (~2.9 μM), but NOS3 activity does not appear to be saturated normally [23] . To explain this observation, it has been suggested that the subcellular local concentration of L-arginine directly available to the NOS3 enzyme may be lower than the average value of the entire cell [24] . As a rate limiting enzyme of this citrulline-NO cycle, ASS1 can regulate NO production in endothelial cells [25] . Other members of the endothelial citrulline-NO cycle, ASL and CAT1 are also functionally closely associated with endothelial NO production [26, 27] . Thus, it is important to understand overall changes of the citrulline-NO cycle in response to physiologically relevant external stimuli.
It is of interest to directly compare the effects of mechanical LSS treatments and pharmacological resveratrol treatments on the endothelial citrulline-NO cycle in association with NO production. Indeed, these mutually different mechanical and pharmacological factors appear to share many common properties in the regulation of various genes. Previous studies of this laboratory indicated that LSS stimulated the expression of ASS1 and NOS3 by a KLF4-dependent mechanism [15] . Other studies have reported that resveratrol increased NOS3 expression [28] and it stimulated the KLF2/4 signaling pathway [16, 17] .
In the present study, LSS appeared to strongly stimu- ) on NO production were determined (A). Effects of the combination of LSS (12 dyn·cm −2 ) and resveratrol (50 μM) on NO production were also examined (B). Data are presented as fold-changes compared to static vehicle control groups (Means ± SEM, n = 3 -6). Data not sharing the same letters (a, b or c on the bars) are statistically different from each other (p < 0.05).
late the mRNA and protein expression of ASS1 and NOS3 (Figures 1 and 4) whereas resveratrol increased the mRNA and protein expression of ASS1 (Figures 2   and 4) . Resveratrol also increased the mRNA expressions of KLF2 and KLF4, the upstream regulators of ASS1 and NOS3 gene expressions, although the changes were smaller than those of LSS (Figure 3) . Differently from the previous study [28] , the stimulatory effects of resveratrol on endothelial NO production were not observed in the present study ( Figure 5 ). Of course, LSS induced a robust NO production. Overall the effects of resveratrol on the endothelial citrulline-NO cycle appeared to be relatively smaller compared to those of LSS. However, because resveratrol was found to enhance ASS1 expression significantly, its pharmacological use might be beneficial when ASS1 activity limits endothelial NO production under certain pathological conditions.
Statins (or HMG-CoA reductase inhibitors) are a class of drugs developed to lower cholesterol synthesis. However, their beneficial effects are not limited to that original purpose. Various statins including mevastatin have been shown to stimulate endothelial NO production by multiple mechanisms [29, 30] . Statins are also known to stimulate KLF2 and/or KLF4 [31] . The effects of mevastatin on the endothelial citrulline-NO cycle were observed to be moderate compared to those of LSS and resveratrol (Figures 3 and 4) .
The results of the current study showed that LSS had greater effects on the citrulline-NO cycle activity leading to NO production, compared to resveratrol or mevastatin. LSS increased both the protein expression and phosphorylation of NOS3 in addition to ASS1 protein expression. Thus, it is suggested that physical exercise that increases LSS levels [32] might be very important for vascular health. The effects of LSS were partly mimicked by the pharmacological approaches using resveratrol or mevastatin. Both resveratrol and mevastatin increased ASS1 expression. Mevastatin also increased NOS3 protein expression while resveratrol induced NOS3 phosphorylation.
This study highlighted the utility of the endothelial citrulline-NO cycle as a whole as a potential therapeutic target for the enhancement of endothelial function. Among the citrulline-NO cycle members, ASS1 and NOS3 appeared to be sensitively regulated at the transcriptional levels in responsive to mechanical and pharmacological stimuli. Because resveratrol was not so effective as LSS at stimulating the endothelial citrulline-NO cycle, further studies are needed to find more potent drugs that increase the expression of ASS1 and NOS3 genes. 
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